ABSTRACT Voltage sensors (VS) domains couple the activation of ion channels/enzymes to changes in membrane voltage. We used molecular dynamics simulations to examine interactions with lipids of several VS homologs. VSs in intact channels in the activated state are exposed to phospholipids, leading to a characteristic local distortion of the lipid bilayer which decreases its thickness by~10 Å . This effect is mediated by a conserved hydrophilic stretch in the S4-S5 segment linking the VS and the pore domains, and may favor gating charges crossing the membrane. In cationic lipid bilayers lacking phosphate groups, VSs form fewer contacts with lipid headgroups. The S3-S4 paddle motifs show persistent interactions of individual lipid molecules, influenced by the hairpin loop. In conclusion, our results suggest common interactions with phospholipids for various VS homologs, providing insights into the molecular basis of their stabilization in the membrane and how they are altered by lipid modification.
INTRODUCTION
Voltage-gated ion channels underlie various physiological processes, most notably the generation and propagation of action potentials (1) . Having a basic topology of six transmembrane (TM) helices (S1-S6), they form a diverse superfamily which include voltage-activated potassium (Kv), sodium and calcium channels, in addition to more distant homologs such as hyperpolarization-activated cyclic-nucleotide-gated, cyclic nucleotide-gated, and transient receptor potential channels (2) . They are either tetrameric or, in the case of sodium and calcium channels, monomers of four similar repeating subunits. Each subunit is equipped with a voltage sensor (VS) domain (S1-S4) which switches from a resting to an activated state in response to membrane depolarization, leading to the opening of a central pore domain (S5-S6) (Fig. 1 A) . Recently VS domains have been found to regulate enzymes such as Ci-VSP phosphatase from Ciona intestinalis (3) or even to function as independent voltage-gated H þ channels such as Hv1 from human (4-6). The S4 helix of the VS domain contains several Arg or Lys residues which during the gating process move toward the external membrane surface carrying positive charges across the membrane electric field, making sequential interactions with acidic side chains at a central site capped by a highly conserved phenylalanine (Phe 233 in Kv1.2) side chain on S2 (7) (8) (9) (10) (11) (12) (13) (14) (15) . Each adjacent pair of these basic residues is separated by two hydrophobic residues, which seems to be crucial for shaping the electrical field around the VS domains (16) .
Despite their high sequence diversity, VS domains share a common fold as revealed by the x-ray structures of several Kv and related channels, namely KvAP from Aeropyrum pernix (17), rat Kv1.2 (18,19), a chimeric channel consisting of the Kv2.1 paddle hairpin transplanted into Kv2.1 (Kv paddle chimera) (20), and a cyclic-nucleotide-gated channel from Mesorhizobium loti, Mlotik1 (21). That is also supported by spin-labeling and electron paramagnetic resonance data from the bacterial voltage-gated Na þ channel NachBac (22).
VS domains have been perceived as forming independent modules (17) because, for example, transplanting VS domains from Kv channels to KcsA confers voltage-sensitivity (23). However, only the central part of S3-S4 paddle motif can be transplanted among some Kv channels, Nav channels, and the VS proteins Ci-VSP and Hv1 (24,25), whereas other regions of the VS domain including the Cterminal part of the S4 helix cannot (24).
The membrane environment plays a key role in VS structure and function (26-30). For example, electron paramagnetic resonance studies of KvAP revealed exposure of the VS domains to the surrounding lipids (31). In addition, the Kv paddle chimera x-ray structure revealed several bound lipid molecules: at the interface between the VS and the pore domains, and between adjacent VS domains (20). Phospholipids such as DOPC (1,2-dioleoyl-glycero-3-phosphocholine) are necessary for KvAP function and can rescue nonfunctional channels which have been reconstituted into lipid bilayers lacking phosphate headgroups such as DOTAP (1,2-dioleoy-3-trimethylammonium propane) (26). Consistently, sphingomyelinase D (which removes positively-charged choline groups from the zwitterionic lipid sphingomyelin) leads to a stabilization of the activated VS domains of Kv2.1 (27), appearing to strengthen the interaction between exposed S4 Arg residues and lipid phosphate groups. In contrast, sphingomyelinase C (which removes the entire headgroup of the sphingolipid) immobilizes the VS in the resting state (28). Interestingly, in addition to influencing the VS function, lipid modifications also alter sensitivity to tarantula toxins which specifically target the paddle domain (32). However, lipidmodifying enzymes have been observed to affect certain types of Kv channels only, and sphingomyelin lipase C was also found to inhibit other non-VS channels such as KcsA and Kir1.1. Therefore, not all phospholipid interactions may be specific.
The polar nature of VS domains have resulted in some debate on how they are stabilized in a lipid bilayer environment. While spectroscopic and functional studies suggest that the electric field is focused across the VS domains (33,34), it is not entirely clear whether this focusing is caused by a perturbation of the structure of the surrounding lipids or by the structure/chemistry of the protein. Neutron diffraction and solid-state NMR studies showed that KvAP VS domains cause some local reshaping of the surrounding bilayer while being largely hydrated (35).
Molecular dynamics (MD) simulations of VS domains of Kv channels, either as individual domains or as part of the intact channel, revealed how they might be stabilized in the membrane bilayer, showing close interactions between the Arg residues in the S4 helix and phosphate headgroups (36) (37) (38) (39) (40) (41) (42) (43) .
In this study, we use coarse-grained (CG) MD simulations (44) (45) (46) (47) (48) (49) (50) (51) (52) (53) to study the nature of these VS-lipid interactions and the extent into which they are conserved among various distantly-related homologs of voltage-gated ion channels and other VS proteins. We compare how the interactions differ between conventional phospholipid bilayers (DOPC) and bilayers formed by cationic lipids (DOTAP). Our results point to a common mechanism by which phospholipid membranes adapt to VS domains by substantial distortion of the lower (intracellular) bilayer leaflet, reducing the bilayer thickness and ultimately lowering the barrier for gating charge movements.
METHODS

Homology models
Homology models for the activated Hv1 VS monomer (UniProt Q96D96), Ci-VSP VS monomer (Q4W8A1) and NachBac channel tetramer (Q9KCR8) were built based on the x-ray structure of the KvAP VS domain (PDB ID 1ORS) (17) , Kv paddle chimera VS domain (20), and Kv paddle chimera tetramer, respectively. Hv1 and Ci-VSP models also contained the S4-S5 linker segments. Homologous sequences were obtained for each of the target sequences and structures from UniRef100 (54) using noniterative BLAST (e value < 10). Each protein was aligned against its homologous sequences using MAFFT (55) based on the BLOSUM62 substitution matrix (56) . Next, structural profiles (i.e., position-specific substitution matrices) were calculated for the structures and sequence profiles were calculated for the target sequences. The structural profiles were then aligned against the sequence profiles using FUGUE (57) . The resulting structure-sequence alignments were manually adjusted to ensure conservation of key residues, then used as input for MODELER (58) generating 10 models per alignment. The best models was selected based on the energy and constraint violation values of MODELER and the sequence-structure compatibility scores of pG (59), PROSA2003 (60) , and VERIFY3D (61) . Any unreliable regions in the models were improved by altering the alignments manually using ViTO (62) .
Coarse-grain molecular dynamics simulations CG parameters are as described previously for proteins (48, 49) , lipids, and water (47) . For Kv paddle chimera, Kv1.2, KvAP, Mlotik1, and KcsA the CG models were generated starting from the atomistic x-ray structures, having, respectively, the following PDB IDs: 2R9R (resolution 2.4 Å ), 2A79 (2.9 Å ), 1ORS (1.9 Å ), 3BEH (3.1 Å ), and 1K4C (2.0 Å ). Missing side chains in Kv1.2 were modeled based on the Kv paddle chimera using MODELER (58) . CG models for Hv1, Ci-VSP, and NachBac were generated from homology models as described above. In the CG representation adopted here and previously tested (47) (48) (49) 63) , the protein main chain was represented by a single particle whereas various types of amino-acid side chains were represented by 0-4 particles. Aromatic side chains of Phe, Trp, and Tyr were represented by planar rings of three particles (64, 65) . Lenard-Jones and electrostatic interactions were shifted to 0 between 9 and 12 Å and between 0 and 12 Å , respectively. A relative dielectric constant of 20 was used. The list of nonbonded neighbors was updated every 10 steps. Simulations were run in constant temperature, pressure, and number of particles. The temperature of protein, lipids, and solvent was coupled separately at 323 K using the Berendsen algorithm (66), with a coupling constant t T ¼ 40 ps. The system pressure was anisotropically coupled at 1 bar using the same algorithm with a coupling constant t P ¼ 40 ps and compressibility of 10 À5 bar.
In setting up the simulations, the protein was aligned along the z axis of the simulation box, adding randomly placed lipids and water molecules. Cl À or Na þ countercharge ions were then added if necessary to ensure there was no net charge for the overall system (see Table S1 in the Supporting Material). Next, the protein and lipids were energy-minimized to relax any steric clashes, using the steepest descent method up to a maximum of 100 steps. Production simulations (three repeats, each for 320 ns) were run. Molecular structure images were produced using PyMOL (DeLano Scientific, Palo Alto, CA).
Bilayer distortion analysis
For the analysis of bilayer distortion, the bilayer was centered on the protein center of mass and divided into 5 Â 5 Å bins. For each bin, the distance between the phosphate atoms from the inner and outer leaflets (d PP ) was calculated, in addition to the distance of phosphates from either leaflet relative to the central plane of the membrane (d Z ). The physiological ion/out orientation was preserved for each protein. The calculations were made over the last 220 ns of each simulation and the mean values were taken together with 95% confidence intervals (1.96 Â mean 5 SE).
RESULTS
Models and simulations
We examined a representative set of structures which comprise:
1. X-ray structures of Kv1.2 (18), the Kv paddle chimera (20), the cyclic-nucleotide gated 6-TM channel Mlotik1 (21), and the VS domain from KvAP (17); and 2. Homology models of the bacterial voltage-gated Na þ channel NachBac (67), of the VS domains of the voltage-sensitive phosphatase Ci-VSP (3) and of the voltage-activated proton channel Hv1 (4).
Apart from the high sequence identity between Kv1.2 and the Kv paddle chimera (84.3%), these VS homologs share relatively low similarity,~20% on average ( Fig. 1 B) . Therefore, they form a suitable set for studying protein-lipid interactions in the context of divergence among VS sequences. The non-voltage-gated channel KcsA (68) was included as a control.
Starting from randomly positioned protein, lipids (DOPC), waters, and ions, we simulated the self-assembly of the membrane bilayer and the simultaneous insertion of the protein, which occurs typically within 30-40 ns of the start of the simulation (Fig. 2) . As well as the intact native tetramers for Kv paddle chimera, Kv1.2, NachBac, and MlotiK1, individual VS domains from these channels were also simulated alone, to allow direct comparison to the VS proteins Ci-VSP and Hv1 (Table S1 ).
Lipid bilayer distortion is a characteristic of voltage-gated channels
Structures of the VS domains examined here are considered to be in the channel-activated conformation because the x-ray structures were solved in the absence of an electrical field (i.e., equivalent to a depolarized membrane) (17, 20) . To see how the various activated VS domains are accommodated in phospholipid (DOPC) bilayer, we examined local distortions of the membrane surrounding the protein by measuring the distance of the phosphate groups in either the upper or lower leaflets relative to a central plane of the membrane and the distance between phosphate groups in the two leaflets (Figs. 3 and 4) .
The tetrameric channels Kv paddle chimera, Kv1.2, NachBac, and Mlotik1 all show a common pattern of large (~10 Å ) deformation of the inner membrane leaflet close to the protein. This is attributed to a common cluster of polar and charged residues in the S4-S5 linker, connecting the VS domains to the pore region, which form close contacts with lipid headgroups from the inner leaflet pulling them upwards. In addition, there are prominent sites of deformations of the outer leaflets near the outer parts of the VS domains (Fig. S1) . A lesser degree (~3 Å ) of membrane distortion was also observed for the VS monomers of Ci-VSP and Hv1 and the isolated VS domains from the channel tetramers (all of which included the S4-S5 linker; Fig. S2 ). Here, the unrestricted S4-S5 linker has the freedom to adjust itself in the membrane-lipid interface/solvent, allowing the VS domains to adapt more favorably to the membrane. On the other hand, the non-voltage-gated channel KcsA does not locally distort the bilayer. This suggests that membrane distortion is FIGURE 2 CG self-assembly MD simulations reveal protein-lipid interactions for various VS homologs. Snapshots of the self-assembly of a DOPC bilayer along with the associated insertion of the Kv paddle chimera channel. Lipid phosphate groups (orange), choline (blue), and glycerol (yellow). The lipid tails and water particles are omitted for clarity, and the protein is shown (green). Starting from protein, lipids, water, and ions placed in the simulation box (0 ns), the membrane bilayer starts to self-assembly around the protein (30 ns) and the process is typically complete in <60 ns.
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Voltage Sensor Lipid Interactionsa distinctive property of (activated) VS domains, imposing specific pattern of interactions with the surrounding lipids. This may facilitate the movement of voltage-sensing charges across the membrane.
Environment and modularity of VS domains
To measure the extent to which each VS homolog is accessible to the surrounding lipids during the simulations, we calculated the average number of contacts made between individual amino acids and lipid head-or tail groups sampled over the last 220 ns of the simulations. By mapping these values on each structure, the various homologs can be seen to have a common spatial distribution of residues spanning the membrane interface and hydrocarbon regions (Fig. 5 A) . The contacts made by VS domains to either the lipid headgroups or tails are broadly similar among the homologs, although slightly fewer interactions can be seen for NachBac and Mlotik1 (12% and 15% less than Kv paddle chimera, respectively) (Fig. 5 B) . Compared to the VS domains, the pore domains in the tetrameric channels are less accessible to lipid headgroups yet make similar levels of contact with lipid tails (Fig. S3 A) .
To examine how loosely the VS domains are packed against the pore regions in the channels, we compared VS domains simulated in their intact native tetramers and on their own in lipid bilayers (Fig. 5 C) . In all of the intact channels, the VS domains are largely exposed to the lipid bilayer, making~80% of the total lipid interactions they make in isolation. This also indicates that similar areas of contact exist in various tetrameric channels between the VS domains and the pore regions, which ensure functional coupling between voltage sensing and ion conduction. The S3-S4 paddle regions are a little less exposed to the lipid bilayer in the tetramers relative to the isolated VS domains, suggesting that they form part of this functional interface (Fig. S3 B) .
Interaction with lipid phosphate groups
To understand how the absence of phosphate groups affects the channels, we performed simulations similar to those in Biophysical Journal 100(4) 875-884 DOPC (above) but instead using the cationic lipid DOTAP, which lacks a phosphate group (Fig. 4 A) . DOTAP has been shown to form stable bilayers, to form mixed PC/DOTAP bilayers (69), and to lead to loss of function of KvAP (26). Thus, the absence of the anionic phosphate group in DOTAP was anticipated to alter VS/bilayer interactions.
In all channel tetramers, there is a clear increase in the degree of local bilayer distortion of both the inner and outer leaflets in DOTAP relative to DOPC, drastically reducing the local thickness of the bilayer adjacent to the protein by up~20 Å (Fig. 4 B) . Therefore, activated channels are still accommodated in such cationic bilayers but with extensive rearrangement of the surrounding lipids that is likely to destabilize the VS domain in the active state where the gating charges need to have access to the outer membrane leaflet interface. This agrees with KvAP being nonfunctional when in DOTAP bilayers (26), and with recent simulation studies (70) indicating that the free energy of transfer of an arginine side chain from bulk water to the interface of a DOTAP membrane is þ4 kcal/mol compared to À3 kcal/ mol for a DOPC membrane.
VS domains interact less with membrane in absence of phosphate groups while pore domains are unaffected
To identify which parts of the channels are most affected by the absence of the phosphate groups in the membrane, we plot the average number of contacts made between the VS or pore domains and either DOPC or DOTAP (Fig. 6 A,  Fig. S3 A) . The VS domains show a systematic decrease in interaction with the lipid headgroups in DOTAP compared to DOPC (22% lower) while interactions with lipid tail groups are unaltered (3% lower). This effect is uniform over the four VS domains in each channel (Fig. S4 B) . On the other hand, lipid interactions for the pore domains are shown to be similar between DOPC and DOTAP (Fig. S3 A) .
Loop affects lipid-head interactions of the S3-S4 paddle motif
The S3-S4 paddle motif of the VS domain has been suggested to undergo substantial movement during VS activation (71) . Its transferability between Kv, Nav channels and VS proteins (24,25) and its targeting by tarantula toxins known to partition into the membrane (72) suggests it moves largely within a lipid environment (24). When the paddle motifs from the various homologs are compared, they show a similar decrease in the number of contacts to lipid headgroups between DOPC and DOTAP except for NachBac and Mlotik1 (Fig. 6 B) , both of which are lower than for the other VS domains regardless of lipid species. It can be noted the loop regions connecting S3 to S4 in these two homologs are shorter and contain a smaller number of charged/polar residues compared to the other VS homologs (Fig. 1 B) . Therefore, the loop is likely to be an important component of the paddle motif and may affect the way it moves in the membrane.
Where do lipids bind?
Lipid interactions with specific residues of the paddle region (in S3 facing the membrane and on S4 facing S5) have been 
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Voltage Sensor Lipid Interactionsinferred based on sphingomyelinase D perturbation of sensitivity to tarantula toxins (32). To examine which residues of the VS sequence interact with phospholipids, we calculated the average number of interactions made for each residue with either lipid head-or tail groups (Fig. S5) . The VS domains in all homologs show common trends in which the cores of TM segments interact extensively with lipid tails whereas the ends of helices and loops interact with lipid headgroups. The S3-S4 paddle in particular makes comparable interactions to other segments, but binds persistently to individual lipids (binds to at least one lipid for >50 ns). For the pore regions, the S5 helices seem to be as much exposed to the lipid tail groups as other helices in the VS whereas only the N-terminal half of the S6 helix seem to be exposed. For the VS proteins Ci-VSP and Hv1, similar patterns are observed as for the channel tetramers although the number of contacts is generally higher, presumably reflecting the difference in the oligomerization states.
DISCUSSION
We used extended CG self-assembly MD simulations to study protein-lipid interactions in a number of homologs of voltage-gated ion channels. The activated-state structures of all of the tetrameric channels cause a characteristic distortion of the DOPC phospholipid bilayer, leading to substantial thinning of the membrane (Fig. 4) . Although the exposed positive side chains on S4 helices are involved, most of this distortion is caused by a common cluster of hydrophilic side chains in the S4-S5 segments. These segments, which mechanistically link the VS and the pore domains, and are thought to move relatively toward the external side upon channel activation (71) , may have the extra role of reshaping the local membrane environment to favor gating charge movement across the membrane. These segments are also present in VS proteins which lack conventional pore domains, suggesting they could play an equivalent role.
It is useful to compare our results with a recent study of the biophysical properties of an isolated VS domain in a lipid bilayer (35). In the latter study, neutron scattering was used to provide an average profile across a membrane into which the KvAP VS domain had been reconstituted. The presence of the VS domain resulted in a decrease in the bilayer thickness of Dd ¼ À3 Å at a high protein/lipid ratio (P/L ¼ 1:100). This may be compared to the local decrease in bilayer thickness close to the protein in a number of simulation studies. Thus, for the KvAP VS domain, coarse-grained simulations (73) The smaller level of membrane distortion observed around isolated VS domains (~3 Å , Fig. S2 ) is remarkably consistent with the neutron diffraction and solid-state NMR experiments performed on isolated KvAP VS domains (35). Our results show that a greater level of distortion is caused by the native quaternary structures, which is both an accumulative effect from multiple VS domains and importantly due to the conformational restrictions on the S4-S5 linker. The view that the conformation of active state VS causes effective membrane thickness to decrease reconciles between the ranges of motion of S4 during activation inferred from accessibility and toxin-binding studies suggesting a movement of~15 Å perpendicular to the membrane plane (14, 74) , and fluorescence distance measurements pointing to somewhat smaller motions (up to~5 Å (75-77) ).
VS domains from various homologs make similar number of contacts overall with phospholipid head-or tail groups (Fig. 5, A and B) . The VS of the channels are effectively symmetrical, as expected from the homotetrameric structure (Fig. S4 A) . They are all substantially exposed to the membrane, which supports experimental data (31), and uniformly show that 20% of the total interface is hidden from the membrane (Fig. 5 C) . Therefore, although VS domains are largely embedded in lipids, they form a persistent interface with the pore domains, which might explain the limited portability of full-length VS domains, and highlights the potential use of this specialized interface as a target for small molecules.
In a DOTAP bilayer which lacks phosphate groups, VS homologs are accommodated but with a considerably higher distortion of the membrane. When comparing interaction with DOPC versus DOTAP, pore domains contacts are shown to be largely unaffected, whereas the VS domains make significantly fewer contacts with DOTAP headgroups but show similar interaction to lipid tail groups (Fig. 6 A) . This distorted lipid interaction is likely to destabilize of activated VS, because the enzymatic removal of phosphate headgroups from sphingomyelin bilayer containing Kv channels abolishes VS function. Our observation that the central pore domains are highly accessible to the lipid tails suggests that they might be more sensitive to the modification of the lipid hydrocarbon chain rather than the headgroup.
The paddle motifs of the VS homologs show various levels of contacts with DOPC headgroups, especially in their interaction with phosphate groups. This is associated with differences in the composition and length of the loop regions between S3 and S4. In particular, NachBac and Mlotik1, which have short loops, make relatively fewer contacts with phosphate groups and do not show a significant difference between DOPC and DOTAP (Fig. 6 B) . Based on this observation, these two channels may well be unaffected by the absence of phosphate groups. By interacting with lipid headgroups, the S3-S4 loop could form a conformational restraint on paddle movement during VS activation. Therefore, the nature of the paddle loop and presumably, the number of positive charges on S4, might ultimately determine the level of sensitivity of the VS function to the removal of phospholipid headgroups from the membrane. In the case of a smaller number of charges needing to be exposed during activation, water and/or polar groups of the lipid head molecules would be sufficient to stabilize them. This would explain why not all voltage-gated channels are sensitive to sphingomyelinase C.
Mlotik1 is unique in that it lacks most of the positive residues on S4 found in other Kv channels, which has led to the suggestion it belongs to the non-voltage-gated family of cyclic-nucleotide-gated channels (21). However, based on its high K þ selectivity and its substantial basal activity in the absence of cAMP, it is also possible that it is a member of hyperpolarization-activated cyclic nucleotide-gated channels (78) . Although this Mlotki1 lacks many of the characteristic positive residues from the N-terminal part of S4, it has Arg and Lys at the C-terminus which could, in principle, sense hyperpolarizing potential and drive the movement of S4 (79) (80) (81) . If Mlotik1 is indeed voltagesensitive, in the current x-ray structure the VS would be in the up-state and the main pore in the closed state. For Motik1 we observe that its lipid bilayer surrounding is similarly distorted that around the other VS homologs. This is consistent with recent studies showing that voltage-sensitivity in hyperpolarization-activated cyclic nucleotide-gated channels can be reversed to that of Kv channels by changing the coupling between the S4-S5 liner and S6 (82) . This suggests that reducing the effective membrane thickness is a common mechanism for facilitating movement of S4 in both the inward and outward directions. However, additional functional data are needed for this channel before a more detailed interpretation can be made.
Examination of the lipid interaction of individual aminoacid side chains show that the VS interact canonically with the membrane. On the other hand, the paddle region in particular binds intimately to specific lipids, which highlights the current view on the special role of lipids in VS function. Furthermore, the large accessibility of the S5 helix of the pore to the membrane also raises the possibility that mutations in S5 affecting VS activation (83) may be acting indirectly through the membrane, highlighting again the complexity of interplay between membrane and voltagegated channel function.
It is important to consider the possible limitations of the CG model used, derived from the widely used MARTINI (84) CG force field for lipids and peptides. As has been noted (85) , CG models such as MARTINI do not fully reproduce the thermodynamics of Arg side chain insertion into a lipid bilayer. For example., a detailed comparison using our CG model (63) suggested an approximately twofold underestimation of the free energy barrier for burying a single Arg side chain in the bilayer core. However, comparisons of CG (73) and atomistic (36) simulations of the S4 helix from Kv channels (with its multiple Arg side chains) suggest that CG simulations are capable of (qualitatively) reproducing the local bilayer distortions caused by Arg insertion into a bilayer. Furthermore, CG simulations of model peptide helices containing an arginine side chain at different positions within the hydrophobic host sequence yielded good agreement with solid-state NMR experiments (86) suggesting that CG simulations are capable of correctly capturing the structure and interactions of Arg side chains with lipid molecules, despite approximations to the energetics of such interactions.
Our observations concerning the membrane lipid interactions with various VS domain homologs fit well with the accumulating evidence for the crucial role played by lipid molecules in the function of membrane proteins (87) . Examples of such interactions include not only Kv channels, but also a number of receptors and transporters, as exemplified, respectively, by the interaction of cholesterol with the nicotinic acetylcholine receptor (88) , and interactions with cardiolipin with the bacterial translocon (89). Therefore, the membrane protein function could be modulated by changes Biophysical Journal 100(4) 875-884 in bilayer properties, exploiting compositional and other differences between various subcellular membrane domains (90) . 
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